Noroviruses (NVs) are recognized as a major cause of nonbacterial gastroenteritis in humans. It has been estimated that NVs may cause up to 1.1 million hospitalizations and 218,000 deaths each year for children under 5 years of age in developing countries, ranking them second only to rotaviruses as a health threat (38) . NVs are highly infectious, with attack rates reaching 56%. In institutional settings, the infection results in large-scale outbreaks, leading to considerable economic losses, especially in hospitals (24) .
NVs are members of the genus Norovirus of the family Caliciviridae, which also includes viruses from three other genera: Sapovirus, Vesivirus, and Lagovirus. The nonenveloped 30-to 35-nm-diameter virions have icosahedral symmetry and contain a 7.7-kb-long single-stranded RNA genome of positive polarity. The RNA genome is organized into three open reading frames (ORF1, ORF2, and ORF3). ORF1 encodes a large nonstructural polyprotein that is processed by the virus-encoded proteinase into the mature nonstructural proteins and their precursors. ORF2 and ORF3 encode major (VP1) and minor (VP2) capsid proteins, respectively. The NVs have been divided into five major genogroups (designated GI to GV), with the human pathogens characteristically found in genogroups GI, GII, and GIV (52) .
Replication of human NVs is poorly understood due to the lack of both a suitable animal model and a susceptible cell culture system. Until recently, the molecular mechanisms of NV replication were studied in vitro or derived from replication studies of two other caliciviruses, feline calicivirus (FCV) in the genus Vesivirus and rabbit hemorrhagic disease virus (RHDV) in the genus Lagovirus. Murine NV type 1 (MNV-1), a member of the genus Norovirus (classified in genogroup GV) that grows in mouse bone marrow-derived macrophages and dendritic cells as well as in a murine macrophage-like cell line (RAW264.7), provided the first cell culture system to study the pathogenesis and molecular mechanisms of NV replication (31, 50) .
MNV replication in RAW 264.7 cells results in extensive cytopathic effect (CPE) followed by cell death reminiscent of apoptosis (46, 50) . Apoptosis is a genetically programmed cell death pathway that provides a mechanism for removal of damaged or unwanted cells in multicellular organisms. Several studies reported the occurrence of apoptotic changes in calicivirus-infected cells and, specifically, the triggering of the apoptotic pathway in FCV-infected cells (2, 3, 28, 42, 47) . Increased numbers of apoptotic cells were also observed in vivo in the small intestine tissues of pigs inoculated with human NV, and progressive histopathological lesions were detected in immunodeficient mice naturally infected with MNV (13, 49) . In addition, infected cells dying by apoptosis were detected in multiple organs of the RHDV-infected rabbits. The finding of apoptotic cells at sites with pronounced tissue damage suggested involvement of apoptosis in pathogenesis of the RHDV-induced disease (3, 28) . Although the functional importance of apoptosis in calicivirus replication is not understood, it has been suggested that caliciviruses use this selfdestructive cellular process to facilitate the dissemination of viral progeny in the host (3, 47) . The molecular mechanisms employed by caliciviruses to trigger the apoptotic cascade still remain unknown; however, it has been shown that induction of apoptosis in FCV-infected cells involves the mitochondrial pathway (35) .
The intrinsic or mitochondrial apoptotic pathway is dependent on the release into the cytosol of apoptotic factors sequestered by the mitochondria, such as cytochrome c and Smac/DIABLO, and is directly linked to permeability of the organelle outer membrane. Loss of the mitochondrial membrane integrity and cytochrome c release result in apoptosome formation and processing of procaspase-9 followed by downstream activation of executioner caspase-3. The catalytic activity of caspase-9 can be inhibited by a group of proteins known as inhibitors of apoptosis (IAPs). The 16.5-kDa mouse survivin protein encoded by the BIRC5 gene is the smallest member of the IAP family. Survivin interacts with cofactor molecules, such as the X-linked mammalian IAP protein (XIAP) and the hepatitis B virus X-interacting protein (HBXIP), to specifically inhibit caspase-9 activation (4, 6) . It has been shown that a number of viruses are capable of upregulating survivin in order to delay apoptosis in infected cells (9, 11, 39, 51, 53, 54) .
In this study, we first established that replication-dependent apoptosis occurred in MNV-1-infected RAW264.7 cells. Then, in order to study the apoptotic cascade in detail, we investigated the expression profiles of MNV-1-infected versus mockinfected RAW264.7 cells. Here, we report that the replication of a virus (MNV-1) in cultured cells is associated with downregulation of survivin expression and results in induction of apoptosis through the mitochondrial pathway.
MATERIALS AND METHODS

Cells and virus.
The murine macrophage-like cell line RAW264.7 was obtained from ATCC (Manassas, VA) and maintained in Dulbecco's modified Eagle's medium (DMEM) containing penicillin (250 units/ml) and streptomycin (250 g/ml) and supplemented with 5% heat-inactivated fetal bovine serum. A previously characterized plaque-purified isolate of MNV-1, designated MNV-1.CW1P3, was used as the source of virus in this study (46) . Propagation and plaque titration assays of MNV-1 in RAW264.7 cells were carried out as described previously (46) . The MNV-1 virions were purified using ultracentrifugation in a CsCl gradient according to protocols published elsewhere (50) . The purified virus was dialyzed against 1,000 volumes of phosphate-buffered saline (PBS) overnight.
For time course experiments, the viral stock was serially diluted in DMEM to obtain the desired inocula for a multiplicity of infection (MOI) of 4. RAW264.7 cells (5 ϫ 10 7 ) were inoculated with either diluted MNV-1 or DMEM (mock infection control), incubated at 37°C, and collected at each time point for further Western blot or RNA expression analyses.
DAPI staining. To visualize nuclear morphology, mock-and MNV-1-infected RAW264.7 cells were fixed with methanol at 28 h postinfection (h p.i.) and incubated with 4Ј,6-diamidino-2-phenylindole (DAPI; Roche Molecular Biochemicals, Indianapolis, IN) staining solution (1 g/ml in PBS buffer) for 20 min at room temperature. After several washes with PBS buffer, stained cells were visualized using fluorescence microscopy.
DNA fragmentation assay and PARP cleavage analysis. Isolation and gel electrophoresis of equivalent quantities of total DNA samples were carried out as described previously (25) . Briefly, mock-infected or MNV-1-infected RAW264.7 cells were harvested at 4, 8, 12, 16, 20, 24 , and 28 h p.i., and total DNA was extracted and analyzed by electrophoresis using a 1.5% agarose gel. Mouse poly(ADP-ribose) polymerase 1 (PARP-1) cleavage was studied by Western blot analysis of the collected cell samples. Cleaved PARP-1 was detected at 4, 8, 12, 16, 20 , and 24 h p.i. using an antibody that specifically binds the large (89-kDa) fragment of the caspase-cleaved protein (Cell Signaling Technology, Danvers, MA).
Immunodetection assays. Western blot analysis was carried out using standard techniques (44) . Briefly, MNV-1-infected RAW264.7 cells collected at different time points and mock-infected cells (24 h p.i.) were resuspended in PBS buffer, incubated for 10 min at 95°C with equal volumes of 2ϫ sodium dedecyl sulfatepolyacrylamide gel electrophoresis sample buffer (Invitrogen, Carlsbad, CA) containing 5% ß-mercaptoethanol, and subjected to sodium dedecyl sulfatepolyacrylamide gel electrophoresis separation in a 4 to 20% Tris-glycine gel (Invitrogen). The separated proteins were electroblotted onto a nitrocellulose membrane and probed with antibodies specific to mouse and MNV-1 proteins. Anti-caspase-3, anti-caspase-9, and anti-survivin antibodies were obtained from Cell Signaling Technology. Anti-caspase-8 antibody was obtained from Alexis Biochemicals, San Diego, CA. Anti-PCNA and anti-ß-actin antibodies were obtained from Santa Cruz Biotechnology, Inc., Santa Cruz, CA, and SigmaAldrich, St. Louis, MO, respectively. Anti-MNV-1 protein antibodies were described previously (46) . Horseradish peroxidase-labeled secondary antibodies purchased from Kirkegaard & Perry Laboratories, Gaithersburg, MD, were used for detection of bound primary antibodies. After 1 h of incubation with secondary antibodies, blot membranes were developed using a chemiluminescent detection system (Thermo Fisher Scientific Inc., Rockford, IL).
Fluorometric analysis of caspase activity. The activities of caspase-3, caspase-8, and caspase-9 were measured using the caspase-specific fluorometric substrates Ac-DEVD-AFC, Ac-IETD-AFC, and Ac-LEHD-AFC, respectively (BioVision Research Products, Mountain View, CA), according to the manufacturer's protocol. Briefly, 2 ϫ 10 6 mock-or MNV-1-infected (at an MOI of 4) RAW cells were collected at different times p.i. (both mock-and virus-infected samples were collected for every time point). Cell pellets were resuspended in cell lysis buffer (BioVision Research Products), incubated on ice for 10 min, mixed with equal amounts of 2ϫ reaction buffer (BioVision Research Products), and incubated with individual caspase substrates (50 M) at 37°C for 2 h. Fluorescence of the samples was measured at 400-nm excitation and 505-nm emission using a SpectraMax M5 microplate reader (Molecular Devices, Sunnyvale, CA).
Cell fractionation assay. RAW264.7 cells that were either mock infected (16 h p.i.) or MNV-1 infected (8 and 16 h p.i.) were harvested. The collected cells were processed using an ApoAlert cell fractionation kit (Clontech, Mountain View, CA) according to the manufacturer's instructions, and the isolated protein fractions were analyzed by Western blotting. First, the collected cytosolic fractions were examined for contamination with mitochondria by the use of cytochrome c oxidase subunit IV (COX IV) antibodies. The amounts of protein loaded on gel were normalized using protein content and verified by Western blotting using antibodies specific to ß-actin (Sigma). Finally, the presence of cytochrome c in normalized samples was detected using cytochrome c antibodies provided by the manufacturer. The chemiluminescence was detected by exposing blot membranes to X-ray film, and the densities of the observed bands were quantified using ImageQuant software (Molecular Dynamics, Sunnyvale, CA).
UV inactivation of MNV-1 and inhibition of MNV-1 replication. UV treatment of MNV-1 was conducted as previously described for other viruses (29, 37) . Virus stock aliquots (5 ϫ 10 7 PFU/ml) were added to a petri dish placed on ice and irradiated with UV (254 nm) light for 15 min. The source of UV was a Spectroline UV lamp (Spectronics Inc., Mobile, AL) positioned at a distance of 3 cm above the dish. The efficiency of the UV inactivation treatment was assessed by an infectivity assay that measured residual virus in the treated stock. Only preparations shown to be fully inactivated were used in experiments that employed UV-inactivated virus. RAW264.7 monolayers were infected with UVinactivated viruses by following the same protocol used for active MNV-1 (MOI of 4).
In order to inhibit protein synthesis, the MNV-1-infected RAW264.7 cells were incubated with cycloheximide (CHX; Sigma) at 0, 0.5, and 1 g/ml for 16 h. In addition, treatment of RAW264.7 cells with 2 M staurosporine (Sigma) served as a positive control for apoptosis induction. Equivalent amounts of the corresponding cell lysate samples were subjected to Western blot analysis to detect viral protein synthesis and activation of caspase-9.
Affymetrix GeneChip hybridization and analysis. Total cellular RNA from mock-and MNV-1-infected RAW264.7 cells (12 h p.i.) was isolated using an RNeasy kit (Qiagen, Valencia, CA), labeled with biotin, and hybridized to mouse oligonucleotide microarrays following procedures provided by the manufacturer (mouse genome array 430 2.0; Affymetrix, Santa Clara, CA). Microarray data were analyzed using a GeneSpring GX 7.3.1 system (Agilent, Santa Clara, CA). Signal values from the probe sets were calculated using microarray suite 5. Each chip was independently normalized to the median expression level of all the genes on the chip. Each gene was then normalized to the median expression levels of that gene. Each of the 45,101 genes was filtered by identification using a "present or marginal" Affymetrix flag in three of the sample replicates. The remaining genes were analyzed by one-way analysis of variance to identify those with statistically significant differences between samples infected with MNV-1 (three replicates) and uninfected samples (three replicates). Variances were calculated using a parametric test with a P-value cutoff of 0.05. Gene ontology was used to identify changes in gene expression associated with apoptosis that were twofold or greater. Ingenuity pathway analysis (Ingenuity Systems, Redwood City, CA) was employed to identify groups of genes involved in apoptotic canonical pathways.
SuperArray analysis. SuperArray technology (SABiosciences, Frederick, MD) was utilized to compare the relative levels of mRNA from apoptosis-related genes expressed in RAW 264.7 cells with or without MNV-1 infection at 12 h p.i. A PCR array (catalog no. PAMM-012) contained 84 primer pairs that amplified genes involved in mouse apoptosis. Reactions for the infected and the mockinfected control cells were repeated in three independent experiments following the manufacturer's instructions. The quantitative PCR was run on an ABI 7900 HT instrument (Applied Biosystems, Foster City, CA). For each set of triplicates, the mean value for each gene was determined and used to calculate the changes in levels (infected versus uninfected control). With the use of appropriate cutoff criteria, a fourfold induction or repression of expression, with a P value of Յ0.05, was considered to represent significantly up-or downregulated gene expression.
Quantitative RT-PCR detection of BIRC5. Downregulation of expression of the survivin BIRC5 gene in MNV-1-infected RAW 264.7 cells was confirmed using relative quantification of gene transcript 1 and expression of the ß-actin gene as a housekeeping gene control. Briefly, six-well cell culture plates were infected with MNV-1 at an MOI of 4. After 1 h of adsorption at 37°C, wells were rinsed with PBS, and the cells in each well were collected by scraping them into 500 l of PBS at 0, 4, 8, 12, 16, 20 , and 24 h p.i. The RNA in 200 l of each cell suspension was extracted two consecutive times, and for each of those times, the sample was treated with DNase while adsorbed in the column (Qiagen). The resulting RNA quantity and quality were assayed using a NanoDrop spectrophotometer (Thermo Fisher Scientific), and 1 g of the purified RNA was used to carry out the reaction with reagents and primers according to the manufacturer's protocol (SABiosciences, Frederick, MD). Nontemplate controls as well as nonreverse transcriptase (non-RT) controls were included for each time point and for each gene transcript to be detected. The reaction was performed in triplicate using an ABI 7900 HT instrument (Applied Biosystems), and the results were analyzed using relative quantification software (RQ Manager 1.2; Applied Biosystems).
MNV-1 genomic RNA quantification. In order to determine the level of MNV-1 RNA for each of the time points described above, MNV-1 genomic RNA present in infected samples was quantified using single-step quantitative real-time RT-PCR. One TaqMan probe and two primers designed to specifically amplify the MNV-1 capsid-encoding sequence were utilized (E. L. Barron, S. V. Sosnovtsev, C. R. Rhodes, K. Bok, V. Prikhodko, K. Hasenkrug, A. B. Carmody, J. Ward, K. Perdue, and K. Y. Green, unpublished data). Briefly, 5 l of RNA extracted from each well by use on an RNeasy kit (Qiagen) were added to an RT-PCR mix (Brilliant II quantitative RT-PCR core reagent kit; Stratagene, La Jolla, CA). The reaction was then incubated at 45°C for 30 min and for 95°C for 10 min, followed by 45 cycles at 95°C for 30 s, 50°C for 1 min, and 72°C for 30 s, using an ABI 7900 HT instrument (Applied Biosystems). Each sample was tested in duplicate, and an appropriate triplicate standard curve for absolute quantification was also included for each run.
Microarray data accession number. The complete data set obtained from the microarray analysis has been submitted to the GEO database (NCBI) under accession number GSE12518.
RESULTS
Apoptotic changes in MNV-1-infected RAW264.7 cells. Induction of apoptotic changes in calicivirus-infected cells has been previously reported for vesiviruses and lagoviruses, and it was proposed as a putative mechanism to release viral progeny (3, 47) . To investigate whether NV replication could also result in the apoptotic death of infected cells, we studied morphological and biochemical changes induced in RAW264.7 cells infected with MNV-1. It has been reported that replication of MNV-1 occurs in the cytoplasm of infected cells and is characterized by extensive rearrangement of intracellular membranes (50) . Vesiculated areas could be detected as early as 12 h p.i., expanding in size as the infection progressed. An increase in the number of vesicles inside the infected cell led to displacement of the nucleus (50) . One of the hallmark features of cells dying by apoptosis is nuclear chromatin condensation and irreversible oligonucleosomal fragmentation of the genomic DNA (14) . We examined alterations in nuclear chromatin morphology by DAPI staining of MNV-1-infected cells fixed at different times p.i. The DAPI staining of the infected cells provided evidence of nuclear shrinkage and chromatin condensation, with changes starting between 12 and 16 h p.i. Late in the infection, the proportion of cells with collapsed nuclei gradually increased, reaching the maximum at 28 h p.i. (Fig. 1 ). An analysis of the cell DNA integrity showed internucleosomal fragmentation concurrent with chromatin condensation. Characteristic oligonucleosomal DNA laddering was detected beginning at 16 h p.i. (Fig. 2, lanes 5 to  8) . The total DNA isolated from mock-infected RAW264.7 cells did not show signs of specific fragmentation (Fig. 2,  lane 1) .
Oligonucleosomal fragmentation of nuclear chromatin in PARP-1, an enzyme involved in recognition of single-stranded DNA breaks and repair signaling, has been described as one of the early targets of proteolytical degradation mediated by activated caspases (32) . During apoptosis, PARP-1 is inactivated by cleavage into two fragments of 24 and 89 kDa. Western blot analysis of MNV-1-infected cell lysates collected in the same time course experiments showed that the 89-kDa caspase cleavage product of PARP-1 could be detected beginning at 12 h p.i. (Fig. 2, lanes 4 to 7) . Apoptosis in MNV-1-infected RAW 264.7 cells is associated with activation of caspases through the mitochondrial pathway. Activation of the DNase responsible for oligonucleosomal degradation of nuclear chromatin is dependent on cleavage of an inhibitor complexed with the DNase molecule (43) . The cleavage is mediated by caspase-3, which in turn is activated by either initiator caspase-8 or caspase-9. Caspase-8 and caspase-9 represent the extrinsic and intrinsic pathways of apoptosis cascade triggering, respectively. Activation of caspase-8 occurs in a death-inducing signaling complex that assembles in response to the binding of apoptogenic ligands by death receptors. Meanwhile, activation of caspase-9 takes place in an apoptosome complex formed by the interaction of Apaf1, ATP, and cytochrome c, which are released by mitochondria in response to intracellular stimuli.
In order to characterize the pathway that triggers the apoptotic cascade during MNV-1 infection, we examined cleavage of caspase-8 and caspase-9 in samples of mock-and MNV-1-infected RAW264.7 cells collected at various time points of infection by the use of Western blotting and caspase-specific antibodies. Western blot analysis did not show any significant changes in the amounts of procaspase-8 throughout the course of infection (Fig. 3A, lanes 1 to 7) . Consequently, we did not observe a 18-kDa protein band corresponding to the processed form of caspase-8 that would be detected with the same antibodies. In contrast, the appearance of a 37-kDa protein corresponding to the cleaved form of caspase-9 was observed starting at 12 h p.i. (Fig. 3A, lanes 4 to 7) . Unprocessed caspase-9 at 46 kDa was the predominant form detected in samples of mock-infected cells and in cells collected at early times of infection (Fig. 3A, lanes 1 to 4) .
Once processed, caspase-9 further cleaves procaspase-3, activating caspase-3. A cleaved caspase-3 fragment corresponding to the 17-kDa protein band was detected starting at 16 h p.i. (Fig. 3A, lanes 5 to 7) , while unprocessed procaspase-3 was observed as a major 31-kDa band in mock-infected cells and during the first 12 h of infection (Fig. 3A, lanes 1 to 4) . Analysis of caspase proteolytic activity based on use of fluorogenic caspase-specific peptide substrates confirmed preferential activation of the caspase-9/caspase-3 pathway (Fig. 3B) . We observed a 46.5-fold increase in the activity of caspase-3 and a 5-fold increase in the activities of caspase-9 between 8 and 16 h p.i. The activity level of caspase-8 remained low throughout the experiment.
Additional data supporting the induction of the mitochondrial (intrinsic) pathway were obtained from an analysis of the distribution of cytochrome c in infected cells. Extraction of cytosolic and mitochondrion-enriched protein fractions from mock-and MNV-1-infected RAW264.7 cells followed by Western blot analysis showed the release of cytochrome c into the cytosol at between 8 and 16 h p.i. (Fig.  4C, lanes 3 and 5) . While most of the cytochrome c was detected in the mitochondrial fraction of the mock-infected cells (Fig. 4C, lane 2) , more than 50% of the cytochrome c was found in the cytosolic fraction of the infected cells (16 h p.i.), consistent with loss of the mitochondrial outer membrane integrity (Fig. 4C) . Western blot analysis of the separated protein fractions with COX IV-specific antibodies showed confinement of this protein to the mitochondrion-enriched fraction, indicating the absence of general contamination of the cytosolic fractions with mitochondrial proteins during the fractionation procedure (Fig. 4A, lanes 2, 4, and 6 ).
MNV-1 replication is required to trigger apoptosis in RAW264.7 cells. We examined whether active viral replication was required to trigger apoptosis in MNV-1-infected RAW264.7 cells. Evidence that active virus replication was required for the induction of apoptosis in the MNV-1-infected RAW264.7 cells was obtained in experiments with UV-inactivated virus. We found that a 15-min UV treatment of the virus, under conditions similar to those described previously, resulted in a more than 5-log reduction of the virus titer (data not shown). Cells inoculated with UV-inactivated virus showed no signs of characteristic DNA fragmentation, indicating that the interaction of the virus with the cells (Fig. 5A, lane 3) is not sufficient to trigger the apoptotic pathway. Alternatively, virus-infected RAW264.7 cells showed the characteristic DNA fragmentation observed at 16 h p.i. (Fig. 5A, lane 4) compared to mockinfected cells (Fig. 5A, lane 2) . 9 ). An aliquot of the harvested cells was subjected to electrophoresis in an acrylamide gel and then transferred to a nitrocellulose membrane. Cleaved PARP-1 was detected in all samples (except for the samples from 28 h p.i., which were not tested) with a mouse antibody specific for the 89-kDa cleavage product.
Additional evidence supported the requirement of virus replication in order to induce apoptosis. Incubation of the infected cells in the presence of 0.5 or 1 g of CHX/ml resulted in the inhibition of viral protein synthesis. When protein synthesis was inhibited, Western blot analysis of lysates of MNV-1-infected cells showed no expression of the viral polymerase (NS7) at 16 h p.i. (Fig. 5B, lanes 2 and 3) . Consequently, cleaved caspase-9 was detected only at background levels of its 1 to 7) . A corresponding band representing cleaved caspase-8 (18 kDa) was not detected. Unprocessed caspase-3 and caspase-9 were detected at earlier time points and in mock-infected cells (lanes 1 to 4) at 31 and 46 kDa, respectively. Cleaved caspase-9 and caspase-3 were observed starting at 12 and 16 h p.i., respectively, in MNV-1-infected cells (lanes 4 to 7) . MW, molecular weight (kDa). (B) Fluorometric analysis of caspase-3, caspase-8, and caspase-9 activities in MNV-1-infected RAW264.7 cells collected at serial time points. Caspase-3, caspase-8, and caspase-9 activities were determined by incubation of cell lysates with AFC-conjugated caspase-specific peptide substrates. Proteolytic activities were quantified by measuring fluorescence at 505 nm. After normalization for protein content, the final values of caspase activity were derived by subtracting background fluorescence from the corresponding mock-infected RAW cell lysates. Data represent the mean values obtained in two replicate experiments. RFU, relative fluorescence units.
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on February 23, 2013 by PENN STATE UNIV http://jvi.asm.org/ activation in these samples. In contrast, processed caspase-9 was readily detected in the control MNV-1-infected cell lysate and in the lysate of cells treated with the apoptosis inducer staurosporine (Fig. 5B, lanes 1 and 7) , showing that MNV-1 replication was required to induce apoptosis in RAW264.7 cells. Microarray and PCR array expression analysis of MNV-1-and mock-infected RAW264.7 cells. In order to study the apoptotic cascade in MNV-1-infected RAW264.7 cells, we profiled the transcription level of the whole mouse genome by the use of microarray analysis. The infection (12 h p.i.) was performed with purified virus to account for transcriptional changes due to viral infection only. A total of 1,781 genes were significantly (P Յ 0.005) differentially expressed, and 1,322 genes presented results representing a twofold or greater upor downregulation (data not shown). Ingenuity pathway analysis identified 82 differentially expressed genes associated with cell death. Eight apoptosis-associated genes found up-or downregulated by microarray analysis were further confirmed by PCR array analysis (Table 1) . BIRC5 (survivin) and Hells (a lymphoid-specific helicase) were the only downregulated genes detected in this analysis, while several upregulated genes associated with apoptotic functions were also found. The PCR array analysis confirmed the striking downregulation of BIRC5 in MNV-1-infected RAW264.7 cells detected in the microarray experiments. This gene transcript presented the highest negative change, Ϫ22.8-fold.
Of interest among upregulated proapoptotic protein genes were caspase-11 and Pycard protein genes, as well as several other proapoptotic genes of proteins regularly found expressed in blood line-derived cells The loading amounts of mitochondrial and cytosolic protein samples were normalized using total protein content and verified by probing with ß-actin-specific antibodies. (C) Cytochrome c release from the mitochondria was examined using normalized amounts of cytosolic (lanes 1, 3, and 5) and mitochondrial (lanes 2, 4, and 6) protein samples and cytochrome c-specific antibodies. Quantification of the cytochrome c release was performed using densitometry with the help of ImageQuant software (Molecular Dynamics). 
Downregulation of survivin over time.
Survivin is part of a limited group of molecules that are known to be differentially expressed in several types of tumors, and its role in the apoptotic pathway and cell cycle regulation has been extensively described (4) (5) (6) . Survivin functions as both a regulator of mitosis and a protector from apoptosis through modulation of caspase-9 activation (5, 6). Several viruses, including RNA viruses, take advantage of survivin's antiapoptotic properties by enhancing its expression in infected cells in order to prolong the time for replication (10, 39, 51, 53, 54) . It was therefore surprising to discover that MNV-1 infection resulted in the downregulation of BIRC5 transcription in RAW264.7 cells. In order to correlate this effect with the growth cycle of MNV-1, we examined the levels of viral RNA and BIRC5 expression over time. The decrease in BIRC5 transcription became evident at 12 h p.i. and reached a maximum of inhibition at 16 h p.i., when CPE in the cell monolayer was visible (data not shown, Fig. 6 ). The downregulatory effect was observed at 24 h p.i., when extensive CPE was detected in most of the cell monolayer. The observed BIRC5 downregulation was preceded by an increase in MNV-1 RNA synthesis. The viral RNA level reached a maximum at 8 h p.i. and remained constant after 12 h p.i., when the inhibitory effect on survivin transcription became evident (Fig. 6) . The inhibitory effect of MNV-1 on BIRC5 transcription was confirmed by immunoblot detection of survivin at the same time points as described above (Fig. 6) . As is consistent with inhibition of the BIRC5 gene transcription, the amount of survivin protein began to decrease, starting at 12 h p.i. The decrease in survivin expression was also observed for up to 24 h p.i.
Effect of MNV-1 proteins on downregulation of survivin. The MNV-1 genome encodes six nonstructural proteins in ORF1 (NS1-2, NS3, NS4, NS5, NS6, and NS7), as well as two structural capsid proteins in ORF2 and ORF3 (VP1 and VP2, respectively). In order to determine whether the effect of MNV-1 infection on survivin expression could be attributed to any individual MNV-1 protein, RAW264.7 cells were transfected with individual plasmid constructs encoding each of the MNV-1 proteins (46) . At 12 h p.i., the monolayer was harvested and the RNA was extracted to evaluate the variation in BIRC5 (survivin) transcription levels. Normalization of samples was performed using ß-actin gene expression as an internal control. We did not observe a significant change in BIRC5 transcription levels in transfected cells compared to the results obtained with a control transfected with plasmid only (data not shown), indicating that the downregulation of survivin could not be attributed to any individual MNV-1 protein.
DISCUSSION
Several viruses trigger apoptosis in infected cells at an early stage of infection when virus particles interact with receptors on the cell surface or at the time of fusion with cell membrane and disassembly (8, 15, 26, 41) . In addition, certain viruses induce apoptosis at late stages of replication, providing a mechanism for dissemination of progeny virus. The use of apoptosis as an exit strategy for the virus has also been suggested for caliciviruses (3, 47) . Apoptotic changes in calicivirus-infected cells had been documented for FCV and RHDV (2, 28, 40, 47) , and we examined whether infection with another calicivirus, MNV-1, triggered apoptosis in RAW264.7 cells. Changes were observed in nuclear chromatin, DNA fragmentation, and caspase activation consistent with apoptosis induced by MNV-1. Moreover, the induction of apoptosis was dependent on viral replication, as evidenced by the lack of DNA fragmentation in cells infected with the UVinactivated virus. The finding of apoptosis in the NVs suggests that this process may be part of a conserved strategy among the caliciviruses to release viral progeny.
Triggering of apoptosis and downstream caspase activation can be initiated through two main pathways. The "intrinsic or mitochondrial pathway" involves changes in mitochondrial membrane permeability that are regulated by a family of Bcl-2-related proteins. Activated proapoptotic members of this group (Bax, Bak) can homo-oligomerize, forming pores in the mitochondrial membrane and promoting leakage of cytochrome c into the cytoplasm (7, 20) . Cytochrome c release from the mitochondria results in apoptosome formation and processing of procaspase-9 (27) . The "extrinsic pathway" is a sensor for extracellular signals and activates caspase-8 (18) . Caspase-8 and caspase-9 converge on caspase-3 and caspase-7, the executioner caspases, which cleave proteins involved in maintaining the filamentous network of the cytoplasm and in retaining the structural organization of nuclear membranes and chromatin as well as proteins involved in DNA replication and repair (17) . The marked increase in processed caspase-3 levels in MNV-1-infected cells was noteworthy, because caspase-3 is directly involved in the execution of cellular disassembly, which would likely facilitate the release of viral progeny from an infected cell. In addition, cleavage of caspase-3 was preceded by the appearance of the processed form of caspase-9, indicating involvement of the mitochondrial or intrinsic pathway, which has also been suggested for another calicivirus, FCV (35, 47) .
Several RNA viruses (measles virus, vesicular stomatitis virus, Sindbis virus, and vaccinia virus, among others) induce apoptosis via mechanisms involving receptor binding and internalization or other replication events (8, 12, 15, 19, 21, 22, 26, 41, 48) . Alternatively, some DNA viruses (Epstein-Barr virus and papillomavirus 16) inhibit programmed cell death by inducing the expression of cellular IAP (1, 10). MNV-1 inhibits expression of the antiapoptotic protein survivin, which may be a previously unrecognized mechanism used by viruses to actively induce programmed cell death. Our finding of downregulation of survivin by a replicating virus is the first evidence for a pathogen-induced mechanism to reduce the levels of this antiapoptotic protein. Decreased levels of survivin have previously been observed only in the presence of molecular antagonists of survivin such as antisense compounds, ribozymes, and small interfering RNA sequences or with dominant-negative mutants at the BIRC5 gene level. Downregulation of survivin always results in typical caspase-dependent cell death accompanied by cytochrome c release and caspase-9 activation (16, 33, 34) . The cellular changes (e.g., cytochrome c release and caspase-9 activation) resulting from the nonviral downregulation of survivin expression are consistent with the apoptotic effects observed during replication of MNV-1 in RAW264.7 cells. It will be of interest to examine whether other viruses that induce apoptosis are associated with the downregulation of BIRC5 transcription. Ultimately, MNV-1 might prove to cause apoptosis by the use of a complex mechanism that involves the regulation of several genes. Because of the similarities observed between the apoptosis triggered by induced survivin inhibition and cell death caused by MNV-1 infection of RAW264.7 cells, we propose that cell death triggered by MNV-1 might be a direct consequence of BIRC5 transcription inhibition during virus replication.
Although we showed an association between MNV-1 infection and downregulation of survivin, it is not yet clear how MNV-1 affects other steps of the apoptotic pathway. We identified eight different genes (including the gene encoding survivin) in MNV-1-infected RAW264.7 cells that differed significantly in their transcription levels compared to those in mock-infected cells. Some of these genes may also contribute to the signs observed in apoptotic MNV-1-infected cells. Pycard, which was upregulated 25-fold in virus-infected cells, has been shown to associate with Bax, a key protein in the apoptotic cascade that induces cytochrome c release from the mitochondria (36) . This effect ultimately leads to activation of caspase-9 and caspase-3, a result that was also observed in MNV-1-infected cells. In addition, the importance of caspase-11 for the activation of caspase-3 and caspase-1 has been demonstrated in experi-ments using caspase-11-knockout mice (30, 45) . Therefore, the increase (8.6-fold) in transcription levels of caspase-11 in MNV-1-infected cells, together with the downregulation of survivin, might have also contributed to the more than 40-fold increase in caspase-3 activation due to MNV-1 infection.
A number of viral proteins have been reported to be directly involved in the modulation of apoptotic pathways, in particular, in the control of the mitochondrial apoptosis pathway (23) . We attempted to identify an MNV-1 protein that would individually induce downregulation of survivin. However, we have not been able to associate a single MNV-1 protein with induction of apoptosis through regulation of BIRC5. The downregulation of survivin in MNV-1-infected cells might involve multiple factors, such as the interaction of several proteins, the presence of viral protein precursors, a cascade of events, or simply active RNA replication. Alternatively, it is also possible that downregulation of survivin is mediated via an indirect effect of other cellular changes induced by MNV-1 infection.
This report shows that, in contrast to viruses that increase survivin levels during replication, MNV-1 is the first agent found to decrease the levels of survivin in cells. We demonstrated that MNV-1 replication induces apoptosis in RAW264.7 cells, activating caspases through the mitochondrial pathway, possibly as a result of downregulation of survivin. There is a consensus that the gene encoding survivin is an essential cancer gene and an appropriate target for anticancer drug discovery (5) , and the implications of our finding that certain viruses may naturally target this gene will need to be assessed in the future.
